The murine cationic amino acid transporter 1 (mCAT1) protein mediates membrane transports of L-arginine, L-lysine, L-histidine, and L-ornithine. The importance of mCAT1-mediated transport was underscored by the phenotype of mCAT1 gene-knockout mice, which exhibit anemia. 1) In addition, we reported that L-arginine that is a substrate of CAT1 is essential for the differentiation to erythrocyte by in vitro cell culture study.
However, the detailed biological role of the L-arginine in proliferation and differentiation of blood cells and K562 cells that are human leukemia cell line is not clear. L-Arginine is the precursor of polyamines, nitric oxide (NO), and agmatine that are associated with cell proliferation and differentiation. 4) While NO can induce an apoptosis of megakaryocytes and a formation of platelet, 5, 6) it was reported that NO inhibited differentiation of K562 cells. 7) L-Ornithine is produced by arginase and further metabolized into polyamines such as putrescine, spermidine and spermine, which regulate the cell cycle. 8) Moreover, there is some evidence that agmatine acts as an antiproliferative molecule through induction of the protein antizyme. 9) Antizyme inhibits ornithine decarboxylase (ODC), hence polyamine biosynthesis. At the same time, antizyme suppresses polyamine uptake. Based on these reports, it was considered that polyamines might be metabolic products of L-arginine that can facilitate differentiation of hematopoietic precursors to erythrocytes.
Polyamines (putrescine, spermidine and spermine) play a crucial role in regulating gene expression, signal transduction, ion channel function, DNA and protein synthesis, as well as cell proliferation and differentiation.
10) The intracellular polyamine concentration in human erythrocytes is reported to be relatively high; putrescine 0.6 mM (males), and 0.9 mM (females); spermidine 18 and 24 mM; spermine 19 and 15 mM. 11) Polyamines are also scavengers of reactive oxygen species, thereby protecting DNA, protein, and lipids from oxidative damage. 12) Available evidence shows that polyamines are key regulators of angiogenesis, early mammalian embryogenesis, placental trophoblast growth, and embryonic development. 13) The cellular polyamines are thought to be supplied through de novo synthesis from L-arginine and transport, while the mammalian polyamine transporter gene has not been identified, 14, 15) unlike bacterial and/or fungal polyamine transporter. 10, 16) De novo polyamine synthesis is governed in part by the activity of ornithine decarboxylase (ODC), which catalyzes the conversion of the amino acid, L-ornithine to the diamine and putrescine. When the ODC activity was inhibited by alpha-difluoromethylornithine (DFMO) in K562 cells, proliferation of K562 cells was inhibited through abolishment of intracellular polyamines.
17) It was also reported that spermine induced hemoglobin production in a dose-dependent fashion in murine erythroleukemia cells (MEL cells). 18) These facts indicate that polyamines are associated with the differentiation of erythrocytes.
In addition, it was reported that tumor cells generally have higher levels of polyamines. 13) Accordingly, in the present study, we investigated the role of the polyamines in the differentiation and proliferation of human cord blood cells and a cloned human erythroid model, K562 cells in L-argininedepleted condition. Cell Culture K562 cells (human chronic myelogenous leukemia, American Type Culture Collection) were grown in RPMI1640 medium containing 10% (v/v) fetal calf serum (FCS) (Gibco), 5% CO 2 supplemented with 100 units/ml penicillin, and 100 mg/ml streptomycin. In testing differentiation to erythrocyte, chemical differentiating agent sodium butyrate (1 mM) was added to the culture medium.
2)

Treatment of Differentiation Inducers of K562 Cells
Butyrate-dependent differentiation of K562 cells to erythroid was evaluated by formation of heme or hemoglobin by the selective staining of them with a benzidine/hydrogen peroxide solution as reported elsewhere. 19) Briefly, the K562 cells were seeded in 6-well plates at a density of 1ϫ10 5 cells/ml and cultivated for 4 d in the various culture conditions in the presence of 1 mM sodium butyrate. The resultant cells were fixed on the slide glasses with methanol and dried. The slide glasses attached with the cells were immersed in benzidine (0.025% benzidine in phosphate-buffered saline (PBS)) for 1 h. After washing the slide twice with PBS, benzidine-positive and negative cells were counted using microscope and fraction of benzidine-positive cells were obtained as the erythroid-differentiated cells.
Transport Experiments For the transport experiments of putrescine by K562 cells, the cells were harvested and suspended in transport medium containing 3 mM K 2 HPO 4 , 1 mM MgCl 2 , 2 mM CaCl 2 , 5 mM D-glucose, 130 mM NaCl, and 20 mM Tris adjusted to pH 7.4 by HCl. Cell suspension was pre-incubated at 37°C for 20 min in the transport medium, then it was centrifuged and the resultant cell pellets were resuspended in transport medium containing [ 14 C]putrescine. After incubation for 5 or 60 min, the cells were washed twice rapidly with ice-cold transport medium. Then, cells were solubilized in 1 M NaOH and the cell-associated radioactivity was measured by means of a liquid scintillation counter (ALOKA, Tokyo, Japan) using Cleasol-1 (Nacalai tesque, Kyoto, Japan) as a liquid scintillation fluid. To estimate cellassociated water volume, the uptake of [ Analytical Methods Cellular protein content was determined according to the method of Lowry with bovine serum albumin as the standard. 20) Cell-to-medium ratio (ml/mg protein) was obtained by dividing the uptake amount by the cells by the concentration of test compound in the transport medium. All data were expressed as meanϮS.E.M., and statistical analysis was performed by Student's t test. The criterion of significance was taken to be pϽ0.05.
Isolation and Culture of Hematopoietic Cells Umbilical cord blood was obtained from full-term deliveries after having obtained informed consent according to a protocol approved by the ethics committee of Nihon University School of Medicine. Cord blood was collected in bags containing heparin and processed within 24 h. After separation over Ficoll Isopaque (1.077 g/ml), low-density mononuclear cells (MNC) from cord blood were washed and suspended in Dulbecco's Modified Eagle's Medium (DMEM). For isolation of hematopoietic stem cells (CD34(ϩ) cells), a Dynal CD34 Progenitor Cell Selection System kit was used. One ϫ10 8 MNC were incubated with 1 ml of Dynabeads M-450 CD34 (4ϫ10 8 beads, Dynal) at 4°C with gentle tilt rotation for 30 min. Cells reactive with CD34 monoclonal antibody were isolated with a magnet, and washed twice with Iscove's Modified Dulbecco's Medium (IMDM). Then, the cells were treated with 1 ml of DETACHaBEAD CD34 for 15 min at room temperature with gentle tilt rotation to detach the Dynabeads from the cells. Dynabeads were removed with a magnet and released cells were collected by centrifugation. Cells were washed twice with IMDM and used for cell culture. Cells isolated by immunomagnetic cell separation were resuspended in IMDM and the viability of the cells thus obtained was between 96 and 98% as measured by the trypan blue dye exclusion.
CD34(ϩ) cells from human cord blood were cultured at the concentration of 1ϫ10 4 cells/ml in DMEM supplemented with 10% FCS with or without L-arginine and putrescine, under stimulation with recombinant IL-3 (10 ng/ml: R&D Systems, Inc., Minneapolis, MN, U.S.A.), stem cell factor (10 ng/ml, R&D System Inc.), and erythropoietin (4 U/ml, R&D Systems, Inc.) for 7 d in humidified incubator at 37°C and 5% CO 2 . The cells were collected and the number of viable cells was counted. Then, the expression of cell surface antigen (glycophorin A) was analyzed by flow cytometry (CytoACE-150, Japan Spectroscopic Co., Ltd., Tokyo, Japan) as a maker of matured erythrocytes.
RESULTS
Effect of Spermine on Differentiation and Proliferation of K562 Cells
We studied whether spermine, which has been reported to induce hemoglobin production in MEL cells, 18) could induce the differentiation of K562 cells to erythroid. To induce differentiation of K562 cells, sodium butyrate was used in the present experiment as positive control. Although butyrate clearly induced the erythroid differentiation of K562 cells, spermine at 100 mM did not (Fig. 1A) . In addition, proliferation of K562 cells was not affected by 100 mM spermine, either (Fig. 1B) .
Effect of Polyamine on Differentiation of K562 Cells in L-Arginine Depleted Condition We examined whether polyamines could complement the effect of L-arginine on differentiation and proliferation of K562 cells (Figs. 2, 3) . Varying concentrations (5 to 5000 mM) of putrescine, spermidine, and spermine were used as polyamines, and the butyrate-dependent differentiation of K562 cells was measured in the absence of L-arginine. No induction of the differentiation of K562 cells was observed by any of polyamines (Fig. 2) . In addition, cell growth was not increased by any of polyamines, while L-arginine increased the cell growth both in the presence and absence of butyrate. In the cases of spermidine and spermine, cells did not grow at high concentrations of those polyamines (Fig. 3) . The cell death caused by high concentrations of spermidine and spermine but not by putrescine was in a good accordance with previous observations in other cultured cells.
21) The cell death was observed more significantly in the presence of butyrate (Fig. 3) .
Effect of Polyamine Levels in Control and DFMOTreated Cells To examine the effect of polyamines on differentiation of K562 cells, intracellular polyamines were abolished by ornithine decarboxylase inhibitor, DFMO. 22) In the presence of DFMO at 1 mM, proliferation and butyratedependent differentiation of K562 cells were inhibited (Figs.  4, 5) . We next examined the effects of external polyamines on DFMO-treated cells by adding polyamines in the culture medium. Varying concentrations of putrescine and spermidine caused a recovery of the reduced differentiation and proliferation of K562 cells caused by DFMO (Figs. 4, 5 ) in a concentration dependent manner. Although both polyamines caused an increase in the proliferation of the cells at 5 and 50 mM, the effect of polyamine was decreased at higher concentration at 500 mM (Fig. 5) .
Effect of L-Arginine Depletion on Putrescine Uptake Since external polyamines affected the cell growth and differentiation, polyamines must be taken up by the cells. Accordingly, uptake of putrescine by K562 cells in the presence and absence of L-arginine was examined using [ Fig. 6 . Initial uptake of putrescine at 5 min in L-arginine-depleted condition was higher than that in the normal condition, while steady-state uptake at 60 min was comparable (Fig. 6) . Accordingly, it was demonstrated that external polyamines are taken up by the cells and would affect the cell growth and differentiation. Furthermore, the polyamine transporter present in K562 cells might be upregulated in L-arginine-depleted condition.
Effect of Polyamines on Differentiation of CD34(؉) Cell at L-Arginine Depleted Condition
Effect of putrescine on proliferation and differentiation into erythrocyte cells was conducted in CD34(ϩ) cells derived from human cord blood cells. CD34(ϩ) cells were cultured in the absence of L-arginine and with or without putrescine, and the expression of glycophorin A as the marker for erythroid differentiation was measured by flow cytometry. In the absence of Larginine, both of proliferation and differentiation into erythroid of CD34(ϩ) cells were significantly reduced (Figs. 7,  8 ). The recovery of the reduced proliferation or differentiation was not observed in the presence of 0.5 mM or 5 mM putrescine at all (Figs. 7, 8) . So, the results obtained in the cell line K562 and prepared human cord blood cells are comparable.
DISCUSSION
Polyamine, which is one of the metabolites of L-arginine has been implicated in the regulation of both proliferation and differentiation of the cells 23) and we and others showed that L-arginine is essential for erythropoiesis.
1,2) Among several intracellular products from L-arginine, the present study examined the effect of polyamines in differentiation and proliferation of erythrocytes using erythroleukemic cell line K562 cells and human cord blood-derived CD34(ϩ) cells. Among polyamines, spermine was reported to induce hemoglobin synthesis in murine erythroleukemic cell line MEL cells. 18) Since K562 cells were differentiated by butyrate, in the present study the effect of polyamines on the butyrate-dependent differentiation of K562 cells was examined.
First of all, we examined the effect of spermine without sodium butyrate on the differentiation of K562 cells, which was found out to be negative (Fig. 1) , and the proliferation of K562 cells was not affected by spermine in this condition. Accordingly, it was shown that polyamine itself could not induce the growth or differentiation of K562 cells to erythrocytes and the differentiation mechanism of human leukemia K562 cells was apparently different from that observed in mouse erythroleukemic MEL cells. 18) Next, we investigated the effect of polyamines in the presence of sodium butyrate, whether polyamines could complement the role of L-arginine. However, polyamines did not induce any differentiation or proliferation of K562 cells in the absence of L-arginine and rather reduced the cell growth depending on the examined concentration (Figs. 2, 3) . Three possibilities are suggested in explanation of these results. (i) Polyamines are not associated with differentiation of K562 cells. (ii) External polyamines cannot be incorporated into K562 cells. And (iii) polyamines alone cannot induce the differentiation of K562 cells. To confirm the effect of polyamines on differentiation of K562 cells, we first of all depleted intracellular polyamines using DFMO, since the previous study showed that depletion of polyamines by a treatment with DFMO, an irreversible inhibitor of ornithine decarboxylase, led to the inhibition of cell proliferation. 24) Interruption of differentiation observed in K562 cells by DFMO was strikingly recovered by the addition of putrescine and spermidine (Fig. 4 ). This result clearly shows an association of polyamines with differentiation of K562 cells. Then, transport of polyamines into K562 cells was examined, since polyamines may not be taken up by the cells due to the lack of membrane transporters for polyamines. The result is that putrescine does be transported into K562 cells (Fig. 6) . In the present study, the uptake of putrescine was affected by the deprivation of L-arginine in K562 cells (Fig. 6) , suggesting that intracellular level of L-arginine could regulate content of polyamines in the cells, taking into consideration that polyamines are synthesized de novo from L-arginine and polyamines, as is reported that there were feedback mechanisms between L-arginine and putrescine. 25) Therefore, another explanation is necessary for that spermine alone could not induce differentiation of K562 cells.
L-Arginine is metabolized into many molecules, including polyamines, NO, creatine, and agmatine, depending on cells and tissues. It has been already reported that sole addition of NO could not induce differentiation of K562 cells. 7) It is reasonable in some sense that polyamines alone could not induce differentiation of K562 cells. Accordingly, more studies will be required to elucidate the role of L-arginine and its metabolites in the differentiation of K562 cells. Similar result was observed in hematopoietic stem cells CD34(ϩ) that these cells did not show any differentiation into erythroid by putrescine in the absence of L-arginine (Fig. 7) as the same as observed in K562 cells.
The synthesis of polyamines is rapidly induced when cells are stimulated to grow and divide. 26) Therefore, polyamines have been indicated as potential targets for therapeutic interventions. 17) Since intracellular content of polyamines is governed principally by a coordinated interaction between de novo synthesis and transmembrane transport pathways, 26 ) the content of polyamines might be regulated by L-arginine. Accordingly, simultaneous inhibition of the de novo synthesis and the supply of external polyamines by membrane transporters would be more effective for antineoplastic therapy.
In conclusion, polyamines are found to be involved in the proliferation and differentiation to erythrocytes of K562 cells. However, since polyamines themselves are not enough to compensate the role of L-arginine, other metabolites of Larginine should be essential for the normal production of erythropoiesis. Furthermore, the externally added polyamines are also effective for the differentiation of K562 cells, suggesting that polyamine transporter is equipped and control the content of polyamines in the cells. We have recently reported that the expression of organic cation/carnitine transporter OCTN1 is associated to the differentiation of the blood cells to erythrocytes. 27) As has been shown in the present study, the substrates of the membrane transporters should determine the differentiation and/or proliferation of cells. Since the substrates of transporters are usually low molecular weight compounds, controlling the constituents of the cell culture medium based on the information of the expressed transporter molecules should be useful to manipulate selective growth of the cells. 
